ABSTRACT Endocytosis is a fundamental cellular event in membrane retrieval after exocytosis and in the regulation of receptor-mediated signal transduction. In contrast to the well-studied depolarization-induced membrane recycling, little is known about the kinetics of ligand-induced endocytosis of G-protein-coupled receptors in neurons. Here we investigated the kinetics of ligand-receptor binding-induced endocytosis in rat sensory neurons using a membrane capacitance assay. The time constant of ADP-induced endocytosis of P2Y-receptors was determined as 1.7 s. The ADP-induced endocytosis was blocked by antagonists against P2Y, phosphorylation, and clathrin. However, block of dynamin was without effect. The ADP-induced endocytosis was confirmed independently by a single vesicle image technique using a styryl FM2-10. Finally, the receptors were internalized in response to ADP, as determined by GFP-labeled P2Y. We conclude that ligand-receptor binding leads to rapid endocytosis in the cytoplasm of rat dorsal root ganglion neurons.
INTRODUCTION
After an action potential, the timing of Ca 21 -dependent exocytosis is responsible for rapid (,1 ms) neurotransmission, which sets a theoretical time limit on responses to stimuli (1, 2) . Neurotransmitters released from a presynaptic cell bind to postsynaptic receptors, including ligand-gated ion channels and G-protein-coupled receptors (GPCRs). The latter represent the largest superfamily of receptor proteins for transmembrane signaling (3) (4) (5) . This ligand-receptor binding (LRB) is usually followed by a process known as endocytosis or receptor internalization (6) (7) (8) (9) . Depsite the well-established roles of LRBinduced endocytosis in synaptic plasticity and neuromodulation (6, 10, 11) , and the insulin-induced endocytosis (12) (13) (14) (15) , realtime temporal dynamics of this process is still obscure.
Endocytosis can be triggered by either preceding exocytosis (10, 16, 17) , or by binding between a chemical ligand and its receptor (5, 6) . The timing of LRB-induced endocytosis is important because this sets time limits for i), reuse of the desensitized receptors; and ii), intracellular signal transduction. Due to the lack of a real-time assay, most studies of ligand-induced endocytosis had poor time resolution (.2 min). The biochemical experiments used populations of cells and found that cell endocytosis occurs within 2 min after applying ligand (18, 19) . In brain slices, the long-term depression detected by electrophysiology has been used as an indirect assay for endocytosis before and after ligand application, but the time resolution is .5 min (20) .
Membrane capacitance (Cm) has been used as a real-time assay for voltage-induced exocytosis and endocytosis (21, 22) , and for ligand-induced exocytosis in endocrine cells (23) (24) (25) . In most neurons, evoked exocytosis and endocytosis were observed not in the soma but in presynaptic terminals, where voltage-clamp and Cm recording are impossible except in a few preparations (26, 27) . Recently, evoked exocytosis and endocytosis in somata were found in dorsal root ganglion (DRG) neurons (17, 28, 29) . This provides an opportunity to study the temporal kinetics of ligand-induced exocytosis and endocytosis in a neuron using the Cm assay.
In this study, we take advantage of the high time resolution of Cm to resolve endocytosis of GPCRs induced by LRB in small DRG neurons, which contribute to the sense of pain and temperature via neurotransmitters such as ATP and ADP (30) . When ADP was applied to a DRG neuron, P2Y-mediated endocytosis occurred with a time constant of 1.7 s. The ADP-induced endocytosis was confirmed by single vesicle imaging using confocal microscopy, as well as by GFP-labeled P2Y experiments, which showed P2Y receptors were internalized after ADP-induced endocytosis. These findings reveal the real-time kinetics of ADP-induced endocytotic vesicles, which may be representative of the kinetics of other endocytotic processes induced by ligand-receptor binding.
59-CCGGAATTCATGACCGAGGTGCCTTGG-39 and 59-CGCGGAT-CCCGCAAACTTGTGTCTCCGTTC-39. The BamH1/EcoR1 fragment of P2Y1 was subcloned into pEGFP-N1 to generate EGFP-P2Y1 fusion protein.
Cell transfection
Human embryonic kidney (HEK) 293T cells were cultured in DMEM (GIBCO) supplemented with 10% FBS. EGFP-labeled P2Y1 plasmids were introduced into 80% confluent HEK293T cells using the BES-Calcium phosphate transfection protocol as described previously (31) . HEK293T cells were used for experiments 36-48 h after transfection. Rat DRG neurons were cultured as previously described (17) . EGFP-labeled P2Y1 plasmids were introduced into cultured DRG neurons (2 DIV) by lipofection using the standard reference protocol of Invitrogen (32) . Briefly, 0.5 mg DNA per well was added into 25 ml serum-free medium, diluted with 2 ml Lipofectamine and 25 ml medium before adding 0.2 ml serum-free medium at room temperature for 25 min to allow the formation DNA-liposome complexes. These DNA-liposome complexes were incubated with cells for 6 h at 37°C in a CO 2 incubator before changing the medium with normal serum medium. Transfected DRG neurons were used for experiments after 36 h.
Cell preparation and patch clamp recordings
DRG neurons were prepared as previously described (28) and used 1-8 h after preparation. Only small (the C-type) neurons (15-25 mm in diameter) without apparent processes were used. Whole-cell recordings were performed using either an EPC9/2 amplifier and Pulse software (HEKA Elektronik, Lambrecht/Pfalz, Germany), or a PC-2B patch-amplifier (INBIO, Wuhan, China) and Pulse Control 5.0 software (from Richard Bookman, Miami University, Miami, FL) (33) together with an ITC-18 interface (Instrutech, Elmont, New York) for data acquisition. Cells were voltage-clamped at ÿ80 mV with pipettes of 2-4 MV resistance. Data were . After replacing the solution of this puffer channel with 0.1 mM ATP, the ADP-induced endocytosis (total ÿ210 fF) with a time constant of 1.8 s was measured by Cm recording in a DRG neuron. On average, the time constants were 65 6 7 ms (n ¼ 9) and 1.7 6 0.2 s (n ¼ 22) for puffer solution exchange and cell endocytosis, respectively (inset). Times of puff solutions are indicated by the application bars, except panel (E), where the application continued after the onset arrow.
analyzed with Igor Pro software (Wavemetrics, Lake Oswego, OR All experiments were carried out at room temperature (22-25°C) , and data were given as mean 6 SE. The significance of differences was tested using Student's t-test (*p , 0.05, **p , 0.01, ***p , 0.001).
Rapid solution application
A perfusion system with a fast exchange time by electronic switching between seven channels applied reagents to a cell under study (RCP-2B, INBIO Inc., Wuhan, China; for its kinetic properties see (34)). We determined the speed of our puffer system by measuring the conductance between a patch electrode and the reference electrode. The puffer solution (water) had a low conductance, whereas the bath solution and the patch-pipette solution were standard ES. Before the test, a small holding potential was applied to the patch-pipette to generate a holding current. When water was locally puffed to the patch electrode, the current decreased to a steady state (0 conductance). To reduce contamination and speed up the solution exchange in cell experiments, a patch-clamped cell was puffed with ES immediately before and after application of ADP (or other reagents). Differences in flow speed may cause a flow-dependent capacitance artifact (data not shown). To minimize this flow artifact, the flow speeds of different channels (for ADP, ES, etc.) were checked and adjusted to the same value (0.5 ml/min, with a 5 mm long puffer tip 0.1 mm in diameter). Under these conditions, capacitance artifacts caused by puffer solution exchanges were negligible.
Membrane capacitance measurements
The membrane capacitance was measured using either the software lock-in module of Pulse 8.30 with an EPC9/2 amplifier, or the Pulse Control 5.0 phase-tracking module with a PC-2B amplifier; both give similar capacitance signals (28) . A 1 kHz, 40 mV peak-to-peak sinusoid was applied around a DC holding potential of ÿ80 mV. The normalized Cm traces were fitted with a single exponential curve:
where t is the time after giving ADP and F(t) is the Cm change. Since 0.1 mM ADP induces a maximum endocytosis after 3 s, y 0 represents the ratio of ADP-induced endocytosis to the maximum endocytosis (R endo ); t represents the decay time constant.
Single vesicle and single cell fluorescence imaging FM2-10 was loaded into freshly isolated DRG neurons as described previously (17) . Briefly, neurons were incubated in 100 mM FM2-10 with or without 0.1 mM ADP for 3 min. Then, cells were washed three times with standard ES (2.5 mM Ca 21 ) to remove nonspecific FM staining. The confocal images were obtained with 0.08 mm/pixel at 1 Hz. Fluorescent spots in the cell soma were counted using Image-Pro Plus software (Media Cybernetics, Silver Spring, MD). The size and magnification of the picture acquired from the confocal microscope were constant (512 3 512 pixels). The image was first smoothed by a factor of 20 (a function of the software). According to vesicle size, the area range of fluorescent spots was set from 0.04 mm 2 (6 pixel 2 ) to 1 mm 2 (160 pixel 2 ).
RESULTS

Timing of a GPCR-induced endocytosis
DRG neurons express two principal types of ATP receptors, P2X and P2Y, which are involved in pain and temperature transmission (30) . The ADP-insensitive P2X is a cation channel, whereas the ADP-sensitive P2Y is a GPCR (35) . Under whole-cell recording, a depolarization pulse induced a 1280 fF Cm jump, or exocytosis of ;560 dense-core vesicles from the soma of a typical DRG neuron (28) (Fig.  1 A) . Subsequently, in the same neuron, 0.1 mM ADP induced a ÿ260 fF Cm jump. Because there were no accompanied changes in the membrane conductance (Gm) and access conductance (Gs), the ADP-induced Cm reduction was presumably due to endocytosis caused by ADP binding to P2Y receptors. The ADP-induced Cm decrease was not dependent on whether there was preceding exocytosis (see below). In the absence of ADP, similar puffs did not cause detectable Cm signals (data not shown). Like 0.1 mM ADP, 0.1 mM ATP induced a similar negative Cm jump (in the presence of P2X activation), indicating that P2Y, but not P2X was primarily responsible for the Cm decrease/ endocytosis ( Fig. 1 B) . The ADP-induced Cm response displayed dose-dependence, with a K d of 10 mM and Hill ] i measured by changes in F380/F340 (DF380/F340) was ÿ25 6 11 and 290 6 110 (arbitrary units), corresponding to ADP and caffeine, respectively (left panel). ADP-induced endocytosis (decrease in Cm) was ÿ102 6 19% of caffeine-induced exocytosis (n ¼ 7, right panel). coefficient of 1.4 (Fig. 1 C) . For low ADP concentrations (, 10 mM), the onset rate of ADP-induced Cm was concentration-dependent. At fixed 0.1 mM ADP, the ADP-induced Cm signal was dependent on application time. The time for 50% of maximum Cm signal was 2 s (Fig. 1 D) .
Cm recording of stimulus-endocytosis coupling offers an opportunity to measure the time between the LRB event and the LRB-induced endocytosis. As shown in Fig. 1 E, the onset time constant of the puff system was 55 ms, whereas the time constant of the ADP-induced Cm decrease in the DRG neuron was 1.8 s (average ¼ (18, 19) or postsynaptic signals (5 min) (6), the time resolution of ligand-induced endocytosis recordings was remarkably improved by the Cm measurements.
ADP-induced endocytosis without increasing [Ca 21 ] i
In many cells, endocytosis requires a increase in Ca 21 (8, 36) . In DRG neurons, however, a rapid endocytosis follows the Ca 21 -independent but voltage-dependent secretion, termed CIVDS-RE, which is itself Ca 21 -independent (17). We therefore examined the possible involvement of Ca 21 influx and Ca 21 stores in the ADP-induced endocytosis. Cm was combined with rapid drug exchange to record ligand-induced exocytosis and endocytosis in single DRG neurons (Fig. 2 A (Fig.  2 A, right) . In seven cells, the caffeine-induced Cm increase/ exocytosis was significantly different from ADP-induced Cm decrease/endocytosis (p , 0.01, Fig. 2 B) 
Signal pathway involved in ADP-induced endocytosis
The signal transduction pathway of ligand-induced endocytosis includes the receptor, phosphorylation (20, 37) , and clathrin (38) . Suramin, an antagonist against ATP receptors (35) , reversibly blocked ADP-induced Cm signals (Fig. 3 A) , confirming that the endocytotic signals were mediated by P2Y receptors. Further, H-7, a nonspecific antagonist of protein phosphorylation, reversibly blocked the ADP-induced Cm signals (Fig. 3 B) . This result is consistent with the previous finding that LRB-induced endocytosis is dependent on protein phosphorylation (20) . Finally, we tested the effect of monodansylcadaverine (MDC), an antagonist of transglutaminase, a membrane-bound enzyme that actively participates in receptor-mediated and clathrin-dependent endocytosis (38) . In neurons treated with 0.1 mM MDC for 1 h, the ADPinduced endocytotic Cm signals were completely suppressed, whereas the depolarization-induced exocytotic Cm signals remained intact in the same neurons (Fig. 3 C) . Taken together, these data suggest that ADP-induced endocytosis uses the signal pathway responsible for receptor internalization. Dynamin is a small GTPase protein, which is required for endocytosis in many neurons (39) (40) (41) . It is known that the depolarization-induced slow endocytosis, as detected by the Cm decrease after depolarization-induced Cm signals, is dependent on both Ca 21 and dynamin (17, (42) (43) (44) . In control DRG neurons, the endocytosis/Cm decay after a depolarization-induced Cm jump/exocytosis was intact after 11 min whole-cell dialysis (data not shown). Intracellular dialysis of 0.25 mg/ml dynPRD, which is a peptide of mutant dyanmin-1, blocked the Ca 21 -dependent slow endocytosis (Fig. 4 A, upper panels, see also (17, 43) ). However, ADP-induced endocytosis was intact even after 16 min of whole-cell dialysis of dynPRD (Fig. 4 A, lower panels) , indicating that ADPinduced endocytosis is insensitive to dynamin-1.
In chromaffin cells, in addition to dynamin-1 dependent endocytosis, there is a dynamin-2 dependent endocytosis (45) . Both dynamin-1 and dynamin-2 are GTPases and require FIGURE 4 The ADP-induced endocytosis is dynaminindependent. (A) ADP-induced endocytosis is independent of dynamin-1. In the same neuron, the left panels show a typical experiment during whole-cell (WC) dialysis of the mutant dynamin-1 dynPRD (250 mg/ml). The neuron was stimulated either by depolarizing pulses (upper traces) or ADP puffs (lower traces) at the times indicated. The exocytosis-coupled endocytosis was substantially blocked at 13 vs. 3 min. (Upper right) Statistically, the pulseinduced endocytosis/exocytosis (Endo/Exo) ratio was significantly decreased from 57 6 8% to 27 6 5% at ,4 vs. .11 min (p ,0.01, n ¼ 10). In contrast to the exocytosis-coupled endocytosis, ADP-induced endocytosis was independent of the whole-cell dialysis of dynPRD at 5 vs. 16 min (lower traces). On average, ADP-induced endocytosis were ÿ93 6 10 fF and ÿ115 6 14 fF, after break-in for ,4 vs. .11 min, respectively (n ¼ 10). (B) ADP-induced endocytosis is independent of GTP. (Upper left) During whole-cell dialysis of 2 mM GTPgS the ADPinduced endocytosis was intact, as compared at 3 vs. 12 min. (Upper right) Statistically, ADP-induced endocytosis were ÿ97 6 12 fF and ÿ94 6 11 fF at ,3 min and .9 min, respectively (n ¼ 8). (Lower left) Whole-cell dialysis of GTPgS blocked depolarization (Vm from ÿ80 to 0 mV for 100 ms)-induced Ca 21 currents (I m ). Comparing the control neuron with Ca 21 currents induced by a 100-ms pulse from ÿ80 to 0 mV, the Ca 21 current was blocked in another neuron by intracellular dialysis with GTPgS. The two neurons were from same batch. (Lower right) Four minutes after break-in, the Ca 21 currents were 1202 6 180 pA and 110 6 19 pA in control (n ¼ 6) and GTPgS (n ¼ 8) dialyzed neurons, respectively.
GTP hydrolysis for normal function. Whole-cell dialysis of GTPgS, a nonhydrolyzed form of GTP, did not affect ADPinduced endocytosis (Fig. 4 B) , indicating that GTP hydrolysis was not required. These data suggest that ADP-induced endocytosis is completely dynamin-independent.
GPCR-induced endocytosis visualized by confocal single vesicle imaging
To confirm that the ADP-induced Cm change is indeed a signal of endocytosis, we adopted an imaging approach to visualize the endocytotic events with the fluorescent styryl dye FM2-10 (17, 46, 47) . Incubating neurons in 0.1 mM FM2-10 and 0.1 mM ADP for 3 min resulted in a significant increase in the number of intracellular FM spots (Fig. 5) , which are single vesicles loaded with FM2-10 (17). This was confirmed by the fact that few FM spots were observed if ADP was omitted during the FM2-10 incubation (control). The average number of FM spots (152 6 39) and maximum DCm (ÿ118 6 17 fF) induced by 0.1 mM ADP for 3 min were consistent, assuming 0.5 fF per vesicle (142 nm in diameter) (48) . However, because some of the FM dyes might accumulate in intracellular organelles (i.e., lysosomes) during the 3 min, FM spots may not be an accurate measure of endocytotic vesicle numbers. Nevertheless, this experiment confirms that the ADP-induced Cm signal is a measure of ADP-induced endocytosis.
P2Y is internalized by the ADP-induced endocytosis
Ligand-induced endocytosis may or may not reflect the internalization of the receptor of the binding ligand (6, 49) . To determine whether P2Y is internalized by ADP-induced endocytosis, we expressed GFP-labeled P2Y1 in DRG neurons (Fig. 6 A) as well as in HEK293 cells (Fig. 6 B) . Application of ADP for 20 min induced a dramatic translocation of the GFP fluorescence/P2Y1 from periphery to medulla, indicating internalization of P2Y1 via ADP-induced endocytosis. In contrast to ADP-induced endocytosis visualized as individual FM spots after 3 min FM incubation, no intracellular fluorescent spots were visible after 3 min ADP stimulation in GFP-P2Y labeled cells (data not shown). Instead, .10 min was required to visualize ADP-induced fluorescent structures. These intracellular structures might be accumulated GFP-labeled P2Y1 on organelles, which are much larger than endocytotic vesicles (Fig. 6 ). Possible interpretation for the differences between images measured by FM2-10 and GFP-labeling after ADP-induced endocytosis are presented in the Discussion.
DISCUSSION
In this work, we have recorded the temporal kinetics of endocytotic vesicles induced by a ligand binding to a GPCR. We demonstrated that i), the time constant of the ligandinduced endocytosis was 1.7 s; ii), ADP-induced endocytosis was dependent on nonspecific antagonists against the ADP receptor, phosphorylation and clathrin, but independent of dynamin; and iii), the ADP receptor P2Y was internalized by ADP-induced endocytosis.
Timing of GPCR-mediated endocytosis
The kinetics of stimulus-induced endocytosis is essential for understanding cell function and has been debated over 3 decades (10, 17, (50) (51) (52) (53) (54) . Most previous studies in real-time assay concerned exocytosis-coupled endocytosis (17, 26, 46, 47, 55) . Here, we used real-time Cm recording to determine the kinetics of GPCR-coupled endocytosis. The 1.7-s time constant of ADP-induced endocytosis (at 24°C) provides the first example of a temporal profile from the vast GPCR family. Because the time resolution of Cm (in the ms range) is capable of measuring even faster changes, the time constant of 1.7 6 0.2 s can be taken as accurate. Compared to the fast Ca 21 -dependent exocytosis, which occurs with a delay of ,1 ms in synapses (1), the GPCRmediated endocytosis is relative slow. Many steps are involved in LRB-induced endocytosis, including the binding between ligand and receptor, activation of the receptor, phosphorylation of the intracellular C-terminal of the receptor, b-arrestin activation, and clathrin-dependent endocytosis. These classic receptor-mediated steps apply to ADP-induced P2Y internalization in the DRG soma (Fig. 3) . Future work will identify the time-limiting step in the LRB-induced signal pathway of endocytosis.
Dynamin independence of P2Y-induced endocytosis
We demonstrated that the signal pathway involved in ADPinduced endocytosis includes activation of the receptor, the Gi protein, phosphorylation, and clathrin (Fig. 3) , these findings of the P2Y signaling, except the role of dynamin, are entirely consistent with literatures about GPCR-mediated endocytosis revealed by immunochemistry and biochemistry in neurons and other cell types. However, one of our interesting findings in the receptor signaling pathway is that ADP-induced endocytosis is dynamin-independent (Fig. 4) . Most known receptor-mediated endocytosis in many cell types including neurons require dynamin (4-9), except for the dopaminergic D2-receptor (56) . However, there are two types of exocytosis-coupled-endocytosis in the same DRG neurons. The slow endocytosis after Ca 21 -dependent exocytosis is dynamin-dependent, whereas the rapid endocytosis after Ca 21 -independent but voltage-dependent secretion, termed CIVDS-RE, is dynamin-independent (17) . In this respect, the P2Y-mediated endocytosis shares the dynamin independency of CIVDS-RE. In addition, again like CIVDS-RE, no [Ca 21 ] i increase is associated with P2Y-mediated endocytosis (Fig. 2) . Future work should address the mechanisms underlining dynamin-independent ADP-induced endocytosis.
ADP-induced endocytosis and internalization of P2Y receptors visualized by confocal imaging
To visualize ADP-induced endocytosis in the DRG soma, we used two independent labeling techniques in living cells (FM dye and GFP). Confocal FM imaging can detect single endocytotic vesicles after 3 min FM labeling in the soma (Fig. 5) . However, despite the ability to label P2Y on the plasma membrane and on some large intracellular structures (in the 5 mm range; see Fig. 6 ) 20 min after ADP stimulation, single endocytotic vesicle images (in the 0.2 mm range) could not be obtained by GFP-labeling. In contrast, FM2-12 confocal image can visualize single endocytotic vesicles as individual FM spots (Fig. 5) . Thus, confocal FM (but not GFP) imaging is a useful technique to study single vesicle traffic in living cells. FIGURE 6 Evidence for internalization of P2Y1 receptors by ADP-induced endocytosis. (A) P2Y1 receptor internalization by ADP stimulation in transfected DRG neurons. In an optic slice (1 mm thick) of a representative transfected DRG neuron, the P2Y1-GFP receptors were overexpressed on the cell surface (left panel). Twenty minutes after applying ADP, another optical slice was taken at the same position of the cell. The P2Y1-GFP fluorescence translocated from the periphery toward the medulla (middle panel). Statistically, compared with their initial GFP-intensities, the GFP fluorescence was decreased by 42 6 9% on the cell surface (within 2 mm from the surface) and increased by 51 6 9% in the medulla after ADP stimulation (n ¼ 6, right panel). (B) P2Y1 receptor internalization by ADP stimulation in transfected HEK293 cells. In an optic slice (1 mm thick) of the HEK293 cells, the P2Y1-GFP receptors were overexpressed on the cell surface (left panel). Twenty minutes after applying ADP, another optical slice was taken at the same position of the cells. The P2Y1-GFP fluorescence translocated toward the medulla after applying ADP for 20 min (middle panel). Statistically, the GFP fluorescence was decreased by 37 6 6% on the cell surface and increased by 77 6 16% in the medulla after ADP stimulation (n ¼ 8, right panel).
